The family of G protein-coupled receptors (GPCRs) is the largest class of membrane proteins and an important drug target due to their role in many (patho)physiological processes. Besides small molecules, GPCRs can be targeted by biologicals including antibodies and antibody fragments. This review describes the use of antibodies and in particular antibody fragments from camelid-derived heavy chain-only antibodies (nanobodies/VHHs/ sdAbs) for detecting, stabilizing, modulating and therapeutically targeting GPCRs. Altogether, it becomes increasingly clear that the small size, structure and protruding antigen-binding loops of nanobodies are favorable features for the development of selective and potent GPCRs-binding molecules. This makes them attractive tools to modulate GPCR activity but also as targeting modalities for GPCR-directed therapeutics. In addition, these antibody-fragments are important tools in the stabilization of particular conformations of these receptors. Lastly, nanobodies, in contrast to conventional antibodies, can also easily be expressed intracellularly which render nanobodies important tools for studying GPCR function. Hence, GPCR-targeting nanobodies are ideal modalities to image, stabilize and modulate GPCR function.
Introduction
G protein-coupled receptors (GPCRs) are a superfamily of receptors involved in the regulation of a wide variety of physiological processes such as growth, homeostasis and behavioral regulation (Rosenbaum et al., 2009; Kobilka, 2013) . Because of this regulatory role, GPCRs have been involved in multiple diseases, including metabolic and cardiovascular diseases, neurological disorders and cancer (Salazar et al., 2007; Capote et al., 2015; Du and Xie, 2012; Huang et al., 2017; BarShavit et al., 2016) . GPCRs have been a major drug target with approximately 30-40% of the FDA-approved drugs mediating their effects via these receptors (Santos et al., 2017; Sriram and Insel, 2018; Hauser et al., 2017) . Small molecules, which make up around 80% of the FDA approved GPCR-targeting drugs, are most commonly used to target and modulate these receptors (Sriram and Insel, 2018; Hauser et al., 2017) . However, obtaining small molecules with high affinity, potency and selectivity is still a major challenge in the drug discovery process (Sriram and Insel, 2018; Kola and Landis, 2004) . Moreover, GPCRs are known to be highly dynamic and exist in multiple conformations which also poses a big challenge to find drugs targeting a specific conformation (Latorraca et al., 2017; Marti-Solano et al., 2016) . To resolve some of these challenges, research has also been focusing on GPCR-targeting antibodies and antibody fragments in the last decade. In this review, we will discuss the different applications of antibodies and antibody-fragments ranging from the use as diagnostics and imaging probes, conformational stabilizers, (therapeutic) competitors and modulators as well the use of intrabodies (Fig. 1) .
In general, antibodies (Abs) consist of 2 identical heavy and 2 identical light chains, which are organized as one fragment crystallizable (Fc) region (consisting of CH2 and CH3 domains) and two variable Ag-binding fragments (Fabs, consisting of CH1-VH and CL1-VL κ or λ domains) ( Fig. 2) (Schroeder and Cavacini, 2010) . As a consequence of a highly intricate system of gene recombination, mutations and in vivo selection, the human immune system generates conventional antibodies with particular high affinity for their target. This is mainly the consequence of the complementarity-determining regions (CDRs) that lie within the variable domains (VH, VL) of the Fab fragments, which are responsible for the interaction with the epitope (Schroeder and Cavacini, 2010; Rajewsky, 1996; Jolly et al., 1996) . The Fc-region, which makes up the tail region of the Ab, can interact with Fc receptors or C1q molecules which leads to the activation of the immune system by different pathways such as antibody-dependent cell cytotoxicity (ADCC) and complement dependent cytotoxicity (CDC). Although different antibody formats exist in the human body, most therapeutic https://doi.org/10.1016/j.mce.2019.01.021 Received 15 October 2018; Received in revised form 22 January 2019; Accepted 22 January 2019 formats involve antibodies from the IgG isotype (Schroeder and Cavacini, 2010) . Next to their high affinity and specificity, monoclonal Abs (mAbs), allow less frequent dosing and show less variability in pharmacokinetics between patients as compared to small molecules (Hutchings et al., 2017) . Nevertheless, the use of Abs is also accompanied by some disadvantages such as a high production cost, limited tissue penetration and the inability to therapeutically target intracellular targets or epitopes (Chames et al., 2009) .
Interestingly, while there are many FDA/EMEA approved therapeutic antibodies, only a few of these target GPCRs. At present, Mogamulizumab (targeting CCR4) and Erenumab (targeting calcitonin gene-related receptor (CGRPR)) are the only GPCR-targeting mAbs on the market. CCR4 is a chemokine receptor and is expressed on multiple immune cells and plays an important role in the immune response (Yoshie and Matsushima, 2015) . However, CCR4 is overexpressed on multiple lymphomas and is believed to be involved in the suppression of the antitumor immune response (Ishida and Ueda, 2006) . Mogamulizumab is currently approved in Japan and the United States for clinical use for the treatment of multiple lymphomas, such as adult T cell lymphoma and cutaneous T cell lymphoma. Upon binding to CCR4+ lymphoma cells, Magomulizumab induces cell lysis (ADCC) of CCR4+ lymphoma cells by activation of the natural killer cells through binding of its defucosylated Fc-tail to Fcγ receptors (Niwa et al., 2004; Ishii et al., 2010; Duvic et al., 2016; Kaplon and Reichert, 2018) . Erenumab is an antagonistic Ab which targets the CGRPR and is recently approved in the USA and EU for the prevention of migraine. Treatment with Erenumab resulted in a reduction of migraine frequency, migraine effects and use of acute migraine-specific medication (Kaplon and Reichert, 2018; Shi et al., 2016; Goadsby et al., 2017) . Next to Mogamulizumab and Erenumab, a few other mAbs targeting GPCRs (e.g. CCR5, CXCR4) are currently in phase III clinical trials, while multiple other GPCR-targeting mAbs are in phase I-II clinical trials or still in preclinical development (Hutchings et al., 2017) .
Besides the development of humanized antibodies that target GPCRs for therapeutic purposes, functional GPCR-targeting autoantibodies have also been found and react with the individual's own GPCRs. Functional autoantibodies have been found in the sera of healthy individuals in low levels and might play an important physiological role. However, upregulation of GPCR-autoantibody levels has been found in patients with several disorders including heart failure, asthma, glaucoma, autoimmune encephalitis and Graves' disease (Segovia et al., 2012; Zuo et al., 2011; Venter et al., 1980; Turki and Liggett, 1995; Junemann et al., 2018; Minich et al., 2004; Dalmau and Graus, 2018; Chefdeville et al., 2016) . Examples of GPCRs targeted by autoantibodies in autoimmune disorders include β1 adrenergic receptor, β2 adrenergic receptor (β 2 AR), muscarinic acetylcholine receptor M3, γ-aminobutyric acid (GABA) type B receptor, metabotropic glutamate receptors and thyrotropin receptor (Dalmau and Graus, 2018; Chefdeville et al., 2016; Cabral-Marques and Riemekasten, 2017) . Further research on the mechanism of GPCR-targeting autoantibodies in these different autoimmune diseases could lead to new insights and potential therapeutic targets. Functional autoantibodies targeting GPCRs have recently been extensively addressed by Cabral-Marques et al. and will not be part of this review (Cabral-Marques and Riemekasten, 2017) .
Besides conventional GPCR-targeting Abs, research is currently also focusing on receptor-targeting Ab fragments (Fig. 2) . One of the main advantages of using fragments is their small size, which makes it possible to target cryptic epitopes (De Genst et al., 2006; Muyldermans, 2013) . Some commonly used, mAb-derived fragments, include Fab fragments or single-chain variable fragments (scFvs) which are respectively 3 and 6 times smaller than conventional Abs. However, these Ab fragments are more prone to aggregate and generally show reduced affinity for their target, compared to their full-length counterparts (Nelson, 2010) . Single domain Ab fragments (sdAbs) are a special class of Ab fragments which are derived from heavy chain only-Abs which are unique to camelids or cartilaginous fishes. These sdAbs are called VHHs (variable domain of heavy chains of heavy chain-only antibodies) or nanobodies © (Nbs, for camelids) and VNAR fragments (for cartilaginous fishes) (Muyldermans, 2013) . Since these Ab fragments are derived from naturally-occurring antibodies that lack light chains, their CDR regions were optimized during in vivo selection and maturation in these animals, resulting in a relatively high stability, solubility and affinity for their target. Due to a relatively long CDR3, as compared to those found on conventional antibodies, sdAbs have a more convex Fig. 1 . Overview of the applications of GPCR-targeting antibody(-fragments). Schematic representation of the multiple applications of GPCR-targeting antibody(-fragments) including in vivo imaging, stabilization of specific GPCR conformational states, (therapeutic) modulation of GPCRs, GPCRtargeting nanobody fusions and intracellular expression of antibody-fragments (intrabodies). paratope and can bind cryptic epitopes (Fig. 3) . These features, together with their relatively small size of approximately 13-15 kDa, enables them to target small extracellular domains and non-linear epitopes on GPCRs. Another important advantage of recombinant sdAb fragments is that they are produced in bacteria and yeast with high yields (De Genst et al., 2006; Muyldermans, 2013) .
Nanobodies for in vivo imaging
The recent development of various GPCR-targeting Ab(-fragments) provide new opportunities to visualize endogenous GPCR expression, which has been challenging due to low expression levels. While receptor expression and ligand-receptor ratio are often studied using overexpression of tagged receptors, endogenous receptors can now be detected using labeled Abs or Ab-fragments. This regards detection of GPCRs in for example immunohistochemistry or in vitro/vivo diagnostics. Ab(-fragments) can be conjugated to multiple type of tracers such as radionuclides, fluorophores, quantum dots, iron oxide particles and microbubbles (i.e. phospholipid shell containing low solubility complex gas) to allow visualization via techniques like positron emission tomography (PET), single-photon emission computed tomography (SPECT), magnetic resonance (MR) imaging, optical imaging (fluorescence and bioluminescence), and photoacoustic (PA) imaging (England et al., 2016) . To our knowledge, only two GPCR-targeting Abs have been used for in vivo imaging. These involve mAbs recognizing either CXCR4 or ACKR3/CXCR7. In both studies, the Abs were labeled with the radionuclide 89 Zr and could visualize GPCR expression in xenograft tumors by means of PET imaging. Additionally, the ACKR3-mAb was also labeled with 125 I to allow visualization using SPECT (Behnam Azad et al., 2016; Azad et al., 2016) . Nanobodies in particular are very interesting tools for in vivo imaging due to their relative homogenous distribution through tissues, high tumor penetrance, rapid tumor accumulation and fast clearance from the blood circulation (De Groeve et al., 2010; Cortez-Retamozo et al., 2002; Oliveira et al., 2012) . Nanobodies, displaying high affinity for their target, allow for a faster and efficient uptake of the nanobodybased probes into tumors compared to conventional Abs. This results, together with a fast clearance in the blood, in an optimal tumor-tobackground contrast (Oliveira et al., 2013; Bannas et al., 2015) . To date, no nanobodies have been used for in vivo imaging of GPCRs. However, they have been successfully used to visualize for example receptor tyrosine kinases. Examples include the tumor-related epidermal growth factor receptor (EGFR) and its family member HER2 (Vosjan et al., 2011; van Driel et al., 2014; Xavier et al., 2013; D'Huyvetter et al., 2012; Massa et al., 2014; Pruszynski et al., 2013; Pruszynski et al., 2014; Debie et al., 2017; Xavier et al., 2016; Vaidyanathan et al., 2016; Zhou et al., 2017; Zhou et al., 2018) . In different studies, nanobodies targeting these receptors were conjugated to radionuclides or fluorophores (Vosjan et al., 2011; van Driel et al., 2014; Xavier et al., 2013; D'Huyvetter et al., 2012; Massa et al., 2014; Pruszynski et al., 2013; Pruszynski et al., 2014; Debie et al., 2017; Xavier et al., 2016; Vaidyanathan et al., 2016; Zhou et al., 2017; Zhou et al., 2018) . Currently, the 68 Ga-labeled HER2-targeting nanobody (2Rs15d) is in clinical trials for imaging of HER2 in breast cancer patients (Keyaerts et al., 2016) . These studies demonstrate the potential of nanobody-based in vivo imaging for the GPCR-family. For example, the overexpression of the chemokine receptors CXCR4 and ACKR3/CXCR7 in some tumors, which are associated with tumorigenesis, metastasis and poor prognosis, would form a good target for such an approach (Behnam Azad et al., 2016; Philipp-Abbrederis et al., 2015; Sun et al., 2010) . In addition, overexpression of both receptors is found in a subset of therapeutically resistant cancer (stem) cells (Roccaro et al., 2014; Wurth et al., 2014; Wu et al., 2015; Scala, 2015) . Various studies, including ours, already described the development of nanobodies targeting these receptors. In addition to in vivo imaging, radio-or fluorescent labeled nanobodies (and other Ab formats) can be used as therapeutics when labeled with β-emitting radioisotopes or photosensitizers. For example, the potential of radiolabeled (  177 Lu and  131 I) HER2-targeting nanobodies and photosensitizer-coupled EGFR-targeting nanobodies as therapeutics has recently been shown (D'Huyvetter et al., 2014; D'Huyvetter et al., 2017; van Driel et al., 2016) . To which extend this is a feasible approach for GPCRs remains to be investigated. Taken together, with the rise of an increasing number of GPCR-targeting nanobodies, in vivo imaging and potentially targeted therapy might be promising next steps for these new tools.
Nanobodies as conformational stabilizers
GPCRs can activate a wide variety of signal transduction routes and are dynamic molecules that can adopt multiple conformations upon ligand binding. Interestingly, agonists, antagonists or inverse agonists induce different conformational changes (Manglik and Kobilka, 2014) . In addition, biased ligands can selectively activate one pathway over another (Rankovic et al., 2016) . The binding of these ligands and the way this binding is translated into activation of intracellular signaling pathways is complex and not yet fully understood. Understanding the molecular mechanisms and consequences of specific GPCR conformations is important to gain a better insight in the signaling mechanisms of GPCRs, which could aid structure-based drug design (Congreve and Marshall, 2010) . To obtain more information on different conformations, crystal structures have proven to be important. However, GPCRconformations are dynamic and conformational heterogeneity is found between GPCRs at the same time in a cell. This heterogeneity is one of the major obstacles in obtaining high resolution crystal structures of GPCRs, a problem commonly solved by introducing mutations, binding of high affinity antagonists or crosslinking ligands to the receptor (Kobilka, 2013; Warne et al., 2008; Dore et al., 2011 Dore et al., , 2014 Hollenstein et al., 2013; Tan et al., 2013; Cherezov et al., 2007; Kufareva et al., 2014) . Binding of small molecule agonists, most often with low affinity and rapid association and dissociation rates, increases the conformational heterogeneity. Most GPCR crystal structures to date are therefore from inactive conformations (Manglik and Kobilka, 2014; Ghanouni et al., 2001) . Another way to reduce the conformational heterogeneity and obtain crystal structures of active GPCRs, is by applying antibodyfragments and especially nanobodies during co-crystallization.
Due to their size and three dimensional structure, nanobodies are known to bind conformational epitopes more easily than conventional Abs (De Genst et al., 2006; Lauwereys et al., 1998) . Multiple studies have shown the successful use of nanobodies in stabilizing different GPCR conformations which enabled the formation of GPCR crystals and the elucidation of multiple new GPCR structures (Rasmussen et al., 2011; Ring et al., 2013; Che et al., 2018; Huang et al., 2015; Burg et al., 2015; Kruse et al., 2013) . One of the first examples of a stabilized structure involved the β 2 AR. In 2007, the first crystal structure of the β 2 AR bound to an inverse agonist carazolol was published . In an attempt to obtain the inactive conformation of β 2 AR, the receptor was stabilized with a Fab fragment binding to the intracellular loop 3. However, crystallization of the receptor-Fab complex in combination with agonists did not prove to be successful. In order to stabilize the active agonist-bound β 2 AR conformation, nanobodies were selected and screened against an agonist-bound receptor. Finally, one lead hit (Nb80) specifically recognized the agonist-bound receptor and displayed G-protein like characteristics (Rasmussen et al., 2011) . A cocrystal structure of the β 2 AR in complex with the agonist BI-167107 and Nb80 showed that Nb80 bound intracellularly to β 2 AR with the CDR3 region binding into the core of the receptor while the CDR1 region provided additional stabilizing interactions (Rasmussen et al., 2011) .
Although the use of Nb80 proved to be successful in obtaining the crystal structure of β 2 AR in complex with a high-affinity ligand, crystallizing the β 2 AR in complex with low-affinity ligands was more difficult. This required affinity maturation of Nb80 to obtain the new Nb6B9, which displayed a 10-fold improved affinity . This increase in affinity decreased receptor-heterogeneity in the sample and this facilitated the crystallization of the receptor in complex with the low-affinity ligand adrenaline. By obtaining crystals of the different agonists binding to the β 2 AR-Nb6B9 complex, it was observed that different agonists, by means of different interactions, stabilized same conformational rearrangements .
Nanobodies, functioning as G-protein mimetics, stabilized the agonist-bound active conformation of both the M2 Muscarinic acetylcholine receptor (M2R), μ-opioid receptor (μ-OR), κ-opioid receptor and the viral chemokine receptor US28 and helped solving their (crystal) structure (Che et al., 2018; Huang et al., 2015; Burg et al., 2015; Kruse et al., 2013) . The combination of different nanobody-stabilized GPCR conformations even led to a new model compromising of multiple conformational states (Staus et al., 2016) . This was demonstrated by using both the previously described Nb80 and Nb60, which stabilized the agonist bound and inverse-agonist bound conformation of the β 2 AR respectively (Staus et al., 2016) .
Besides stabilizing receptor conformations merely for structural analysis, an interesting additional feature of GPCR-stabilizing nanobodies is their use as tools for finding new conformational-specific compounds. By linking the stabilizing nanobodies to the C-tail of the β 2 AR, M2R or μ-OR, these GPCRs could be locked into an active ligandbound state . Fragment-based screens were performed on the β 2 AR-Nb80 fusion protein and multiple hits were identified that preferentially bound the active conformation of the β 2 AR. Iterative growing of these fragments led to new compounds with higher affinity and selectivity for the active conformation indicating that these stabilizing nanobodies can be used to specifically find agonists but can also help in distinguishing neutral antagonists from inverse agonists .
Nanobodies modulating GPCR function

Antibodies targeting extracellular epitopes
Multiple therapeutic GPCR-targeting Abs have been generated and were tested in (pre)clinical studies (Hutchings et al., 2017 ). In addition, several studies have reported the generation of conventional antibodies targeting other GPCRs such as the sphingosine 1-phosphate receptor 3, metabotropic glutamate receptor 7 (mGluR7), glucagon receptor, CC chemokine receptor 4 formyl-peptide receptor 1 and β1 adrenergic receptor (Harris et al., 2012; Ullmer et al., 2012; van der Woning et al., 2016; Hagemann et al., 2014; Douthwaite et al., 2015; Soave et al., 2018; Koth et al., 2012; Yan et al., 2009; Gu et al., 2009) . In most cases, such Abs recognize binding epitopes within the N-terminus or one of the extracellular loops. Comparable to endogenous ligands (small molecules, peptides, hormones) and synthetic small molecules, Abs and Ab-fragments can modulate GPCR activity and hereby act as agonists, antagonists or inverse agonists (in the case of constitutive active receptors). Most of these Abs act as antagonists (or negative allosteric modulators) by preventing (orthosteric or allosteric) binding of the endogenous ligands (Harris et al., 2012; van der Woning et al., 2016; Hagemann et al., 2014; Douthwaite et al., 2015; Soave et al., 2018; Koth et al., 2012; Yan et al., 2009; Gu et al., 2009) . As an exception one mGluR7-targeting Ab, which targeted the N-terminus of dimeric mGluR7, acted as a biased agonist by inducing Ab-mediated receptor internalization (and MAPK/ERK activation) independent of G-protein activation (Ullmer et al., 2012) .
Nanobody-formats targeting extracellular epitopes
Next to monoclonal Abs, there has been a growing interest in therapeutic sdAbs/nanobodies due to their beneficial characteristics. Currently one nanobody (Caplacizumab), targeting the von Willebrand factor, has shown positive results in a phase III study and has been launched as treatment against acquired Thrombotic Thrombocytopenic Purpura (Kaplon and Reichert, 2018) . Several studies have also described the development of therapeutic nanobodies targeting GPCRs. For example, these involved nanobodies targeting the chemokine(-like) receptors CXCR4, ACKR3/CXCR7, CXCR2, US28 and ChemR23 as well the metabotropic glutamate receptor 2 (mGluR2) (Jahnichen et al., 2010; de Wit et al., 2017; Bradley et al., 2015; Maussang et al., 2013; Heukers et al., 2018; Peyrassol et al., 2016; Scholler et al., 2017) . The use of nanobodies is a very interesting approach to modulate GPCRs, especially since you can use them in different formats ranging from monovalent nanobodies to different multivalent formats (Fig. 2) . Some of the more prevalent formats include bivalent (linking two nanobodies binding to the same epitope), bispecific (linking two nanobodies binding to different targets) and biparatopic nanobodies (linking two nanobodies targeting different epitopes on the same target) and trivalent nanobodies (linking three nanobodies). Different nanobody formats can lead to an increase in apparent affinity as well differences in potency and pharmacological effects. Studies have reported nanobodies acting as antagonists, inverse agonists or allosteric modulators and will be described further in this paragraph.
As example of antagonistic nanobodies are the nanobodies targeting the extracellular part of CXCR4 that we generated in 2010 (Jahnichen et al., 2010) . Two nanobody clones, 238D2 and 238D4, bound different but partially overlapping epitopes. Nevertheless, the nanobodies were able to fully inhibit CXCL12 binding and CXCL12-induced signaling and migration as well as HIV entry. Biparatopic nanobodies, constructed via a fusion with a short 15-20 GS linker, demonstrated increased apparent affinities and potencies. Inverse agonistic properties were observed for the biparatopic nanobodies but not their monovalent counterparts. Moroever, the biparatopic nanobodies induced stem cell mobilization in in vivo similarly to AMD3100 (Jahnichen et al., 2010) . In the same way, another nanobody 10A10 targeting CXCR4 and CXCR4 WHIM mutants, displaying gain of function, was generated. 10A10 was able to fully inhibit CXCL12 binding to the WT and mutated receptors. As a bivalent construct 10A10 showed increased binding affinity and potency in reducing CXCL12-mediated G protein activation (de Wit et al., 2017) .
Another example of bivalent/biparatopic nanobodies functionally inhibiting a chemokine receptor (CXCR2) was reported by Bradley et al. (2015) . Two different classes of nanobodies were identified which bound distinct non-overlapping epitopes. Generated nanobodies of each class (127D1 and 163E3) were able to inhibit CXCL1 and CXCL8-mediated [
35 S]-GTPγS binding but showed differences in the percentage of inhibition as well their mode of action. Additionally, the biparatopic nanobody 127D1-35 GS-163E3 constructed with a glycine/ serine linker possessed superior potency and efficacy comparing to their monovalent and bivalent counterparts. Since the monovalent nanobodies bound non-overlapping epitopes and did not compete with each other, the biparatopic nanobody could bind only one CXCR2 molecule. However, binding studies with CXCR2-mutants revealed that the biparatopic nanobody could also bind across two receptors, proposing that the nanobody could inhibit the function of monomeric and/or homodimeric forms of CXCR2 (Bradley et al., 2015) . In another study, several nanobodies binding different epitopes on the extracellular part of ACKR3 (CXCR7) were generated by our group. Unlike small-molecule compounds directed to ACKR3, which are agonists and thereby inhibiting scavenging of CXCL11/12, the monovalent nanobodies (Nbs 2-3) exhibited antagonistic properties by displacing CXCL12 and inhibiting CXCL12-dependent β-arrestin2 recruitment, whereas Nb1 only displaced CXCL12 binding (Maussang et al., 2013; Wijtmans et al., 2012) . Coupling of the Nb1 and Nb3, binding distinct epitopes, resulted into a biparatopic Nb4 with increased apparent affinity and potency. Most importantly, Nb4 was able to significantly reduce tumor growth and angiogenesis in head and neck xenograft in vivo model (Maussang et al., 2013) .
Recently, we described another example of a therapeutic nanobody targeting the chemokine receptor US28. US28 is a viral chemokine receptor, which is encoded by the humane cytomegalovirus, and activates multiple oncogenic pathways both in a ligand-dependent and ligand-independent manner. In this study, we identified an US28eNb which displayed a moderate affinity and antagonistic properties as a monovalent nanobody. A bivalent format, generated by linking two US28 nanobodies with a 35 GS linker, led to an increase of apparent affinity around a hundred fold and also provided the nanobody with partial inverse agonistic properties. This bivalent nanobody could inhibit US28 signaling up to 50% and showed reduced US28-enhanced tumor growth both in vitro and in vivo .
In contrast to the described examples, a bivalent nanobody CA4910 against ChemR23 showed only a slight increase in apparent affinity compared to the monovalent nanobody, but a strong increase in efficacy of inhibition of chemerin-induced Ca 2+ release and chemotaxis.
The authors stated that this could be explained by the increased size of the bivalent nanobody providing more efficient steric hindrance to chemerin binding (Peyrassol et al., 2016) . Recently, positive allosteric modulating nanobodies (DN10 and DN13) targeting the mGlu2 receptor were identified which increased the potency of mGlu2 agonist LY379268. In addition, DN10 (but not DN13) could also partially activate the mGlu2 receptor on its own and demonstrated intrinsic agonist activity. Both nanobodies were shown to bind different but (partially) overlapping epitopes and could potentiate mGlu2 agonists in hippocampal brain slices. In addition, DN13 was also tested in vivo and showed the same effect by potentiating the disruption of contextual fear memory (Scholler et al., 2017) .
I-bodies, which are based on the shark VNAR fragments, have also been used to target CXCR4. VNAR fragments are structurally similar to the i-set domain of immunoglobulins (Streltsov et al., 2004) . This resulted in the engineering of a human I-body scaffold by using the Ig domain of human neural cell adhesion molecule 1 and incorporating two binding loops which mimic the CDR1 and CDR3 of the VNAR. Antagonistic CXCR4-targeting i-bodies were selected and inhibited HIV entry as well cell recruitment in vivo (Griffiths et al., 2016) . However, the i-bodies could not mobilize stem cells although they could bind to these cells. In a follow-up study, the CXCR4-specific i-body AD-114 was further tested in a pulmonary fibrosis setting. AD-114 displayed antifibrotic effects and reduced lung injury in vivo (Griffiths et al., 2018) .
As inverse agonistic activities were observed with bivalent nanobodies targeting the chemokine receptors CXCR4, ACKR3/CXCR7, CXCR2 and the viral chemokine receptor US28, there might be a common mechanism involved, which could be therapeutically exploited. Currently, the mechanism behind this observation is not well understood and might be interesting for further investigation.
Nanobodies as intrabodies
Most of the published GPCR-targeting Abs or Ab-fragments target the extracellular side of the receptor and can modulate receptors by acting as agonists, antagonists or inverse agonists. Intrabodies however, which is the term used upon intracellular expression of Ab(-fragments), have proven to be an interesting approach for targeting intracellular epitopes of GPCRs or GPCR-signaling proteins. Since the cytoplasm is a reducing environment, especially nanobodies, by possessing less (exposed) disulphide bonds, are particularly suited being more stable in this reducing environment (Marschall and Dubel, 2016; Moutel et al., 2016) .
Nanobodies recognizing specific GPCR-conformations have been used as conformational biosensors to investigate GPCR-signaling. As an example, Nb80 was fused to GFP (Nb80-GFP) and visualized the colocalisation (on the plasma membrane and endosomes) of the biosensor with β 2 AR after receptor activation by the agonist isoprenaline in a time-dependent manner (Irannejad et al., 2013) . Further experiments using the nanobody-biosensor showed the important role of endocytosis of β 2 AR on receptor signaling and the presence of endosomal signaling. Genetically encoded nanobodies targeting the active conformation of opioid receptors (Nb33-GFP), revealed localization bias of opioid receptors upon drug action (Stoeber et al., 2018) . Both receptor signaling in different compartments (plasma membrane, endosomes and Golgi apparatus) was shown as well as the kinetics of receptor activation at the different subcellular compartments using this biosensor. Another nanobody-biosensor that provided more information regarding internalization and activation of GPCRs was Nb37-GFP that recognizes that (active) guanine-nucleotide-free form of Gα s . This nanobody was used as biosensor to demonstrate the activation of β 2 AR and glucose-dependent insulinotropic receptor in endosomes (Irannejad et al., 2013; Ismail et al., 2016) .
Besides the use as biosensors, intrabodies have also been used to modulate GPCR-signaling. Different classes of nanobodies, targeting intracellular epitopes of the β 2 AR, were identified and were shown to be stabilize either the active or inactive conformation of the receptor (Staus et al., 2014) . Both families of nanobodies stabilizing the active and inactive conformation showed reductions in G-protein signaling and β-arrestin recruitment upon expression. However, the inactive conformation stabilizing intrabodies (such as Nb60) showed reduction of receptor expression while this was not the case for the active conformation stabilizers (Staus et al., 2014) . These nanobodies (Nb60 and Nb80) have proven to be important tools to demonstrate the ligandspecific effects of a wide array of ligands to the β 2 AR and provided more insight in receptor activation resulting in the development of a new multiple receptor state model (Staus et al., 2016) .
Although GPCR-specific intrabodies can inhibit receptor signaling, more generic intrabodies have also proven to be interesting tools to investigate GPCR signaling. In a recent study, multiple Fab fragments were identified that targeted β-arrestin1 or β-arrestin2. These Fab fragments also potentiated the β-arr-ERK2 and/or β-arr-clathrin interaction resulting in a panel of different β-arrestin modulating tools. One of the Fab fragments (Fab5) inhibited β-arr2-clathrin interaction while having no effect on the binding of (phospho-)ERK2. Intracellular expression of a ScFv format of this antibody fragment resulted in inhibition of GPCR endocytosis while having no effect on β-arrestin mediated ERK-MAP kinase activation. This effect was shown on multiple receptors including V 2 R, M 2 R and multiple dopamine receptors proving that the intrabody (ScFv5) is a generic GPCR endocytosis inhibitor (Ghosh et al., 2017) .
In addition, a nanobody (Nb5) targeting Gβγ was generated that could bind various Gβγ subtypes and competed with the binding of Gβγ regulatory proteins. The nanobody could inhibit Gβγ-mediated GIRK signaling in striatum neurons, originating from D2R or M4R, and influence the human apelin receptor-mediated PI3K-AKT pathway. Interestingly, the nanobody did not have any effect on Gα q or Gα smediated signaling (Gulati et al., 2018) .
GPCR-targeting nanobody-fusion constructs as future perspective
A large benefit of nanobodies is related to their small size. This small size is achieved by removing the two constant domains that would otherwise constitute the Fc-domain of an intact antibody. However, this also means that nanobodies lack effector function that are generally ascribed to conventional antibodies. Presence of the Fc domain is associated with longer retention in the blood and activation of the immune system via antibody-dependent cellular cytotoxicity (ADCC), antibody-dependent cellular phagocytosis and complementdependent cytotoxicity (CDC) (Nelson, 2010) . In order to restore the antibody-mediated effector functions, nanobodies can be re-fused to Fcdomains or optimized Fc-domains. This approach has been shown for other targets such as the human epidermal growth factor receptor 2 (HER2/ErbB2/Neu) (Qasemi et al., 2016; Wu et al., 2018) . This resulted in ADCC-mediated cell death and inhibition of tumor growth in vivo (Wu et al., 2018) . More recently, CXCR4-targeting nanobodies have also been fused to an Fc-domain to obtain nanobody-Fc fusion proteins (Bobkov et al., 2018) . The fusion of nanobodies to the Fc tail increased their apparent affinities and potencies, comparable to what was previously observed with monovalent and bivalent nanobodies. However, the presence of the Fc-tail in the fusion-proteins resulted also in the possibility to induce ADCC-and CDC-mediated cell death of CXCR4-overexpressing cells. Since GPCR-targeting nanobodies are more readily generated as compared to conventional Abs, nanobody-Fc fusion proteins can be an interesting alternative approach for targeting GPCRs for the induction of ADCC or CDC. Besides the induction of ADCC and CDC, re-fusion of a nanobody to a Fc domain will also improve the half-life time of nanobodies in the bloodstream. As only improving the half-life time without inducing Fc-mediated effector functions can be of interest, nanobodies can also be fused to a mutated Fc domain (with reduced or no effector functions) or coupled to an anti-albumin nanobody as an alternative Bannas et al., 2017) .
A more rigorous approach involves a nanobody-toxin fusion constructs. Similar to antibody-drug conjugates, nanobodies could be conjugated to toxic molecules in order to eradicate particular classes of GPCR-overexpressing tumor cells. Since Ab(-fragments) are smaller compared to conventional Abs, their rapid clearance from the bloodstream and enhanced tumor penetration could prove to be important advantages in immunotoxin therapy (Oliveira et al., 2013) . Examples of such toxic moieties include toxic chemical compounds that interfere with tubulin polymerization (Auristatins) or the bacterial toxin derived from pseudomonas or plants (PE38, Ricin, Cucurmosin) (Dosio et al., 2011) . To date, no GPCR-targeting nanobodies have been fused with toxins but other nanobody-based immunotoxins have been described. The first nanobody-toxin described was an anti-vascular endothelial growth factor receptor 2 (VEGFR2) nanobody, which was fused to PE38 and inhibited cell proliferation at subnanomolar concentrations (Behdani et al., 2013) . In addition, an anti-EGFR nanobody was fused to the glycoprotein cucurmosin and also induced cell toxicity, by inhibiting protein synthesis, when incubated with high expressing-EGFR cell lines while no cell toxicity was seen for a low expressing-EGFR cell line in vitro (Deng et al., 2017) . In addition, nanobody-based immunotoxins have also shown their antitumor activity in vivo with an anti-CD7 (humanized) nanobody which was fused to PE38 and treatment of xenograft mice with the nanobody-toxin showed prolonged survival (Tang et al., 2016; Yu et al., 2017) .
Recently, an US28-targeting toxin was generated by fusion of an US28-binding CX3CL1 chemokine-mutant to PE38 to specifically kill US28-expressing HCMV-infected cells both in vitro and in vivo (Spiess et al., 2015; Krishna et al., 2017) . Similar approached could be followed using GPCR-specific nanobodies which would encompass enhanced selectivity.
Concluding remarks and future perspectives
GPCRs are known to play an important role in a wide array of physiological processes and thus are important both for fundamental and translational research. Although these receptors have successfully been targeted by small molecules, challenges involving selectivity and potency during the drug discovery process are encountered. GPCRtargeting biologicals have been proposed as alternative and have already shown their potential with two GPCR-targeting Abs on the market. Especially nanobodies have garnished quite some attention lately due to their size and 3D conformation. Due to these characteristics, GPCR-targeting nanobodies can be used as versatile tools both for therapeutic and diagnostic applications as well as research tools for fundamental questions involving GPCR biology and structure. Even though nanobodies have already quite some potential in the GPCR field, there are still some possibilities to further expand. The use of nanobodies as imaging tools and guiding effector molecules to (cancer-) cells has already been shown but not for GPCR-targeting nanobodies. Since GPCRs play quite an important role in cancer biology, it is only a matter of time before GPCR-targeting nanobodies will be used for these purposes (Dorsam and Gutkind, 2007; O'Hayre et al., 2013) . In addition, the use of nanobodies as research tool can also be further exploited. Both their use as conformational stabilizers and intrabodies will most likely lead to further insights in GPCR mediated signaling and GPCR conformations. In addition, nanobodies could also prove to be interesting tools to further investigate topics such as homo-and heterodimerization of GPCRs, biased signaling as well further exploring their possible uses in small molecule drug discovery. To conclude, GPCRtargeting nanobodies have shown to be interesting tools in the GPCR field and their potential will further be exploited in the future.
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